[1] The goal of this study was to assess the ability of the Moderate-Resolution Transmittance 4 (MODTRAN-4) code to simulate high-resolution shortwave (SW) fluxes given detailed and complete input information under overcast conditions. The study underlines the impact of surface inhomogeneity on the closure of SW radiative transfer. It also leads to a method of estimating surface spectral areal-mean albedo from downwelling solar transmittance measurements. The investigation made use of ample Atmospheric Radiation Measurement (ARM) field data collected by a suite of instruments, including broadband and narrowband radiometers and spectrometers, cloud radar and lidar, microwave radiometer, atmospheric sounding instruments, and satellite data. Furnishing the MODTRAN-4 code with observed atmospheric, cloud, and surface parameters generates spectral solar transmittance at the surface and reflectance at the top of the atmosphere (TOA). The transmittances were compared with the Rotating Shadowband Spectroradiometer measurements and showed significant discrepancies in the near-infrared (NIR) region, the bulk of which was attributed to the use of unrepresentative surface spectral albedos. A field campaign was undertaken to collect surface albedo data for a wide variety of land cover types near the ARM Central Facility. The sampled data were combined with thematic mapper/Landsat-based land cover classification data to map surface spectral albedo. Substitution of the derived areal-mean spectral albedo into the MODTRAN-4 model eliminates major discrepancies in the NIR, and also leads to good agreements with surface solar broadband fluxes and TOA satellite spectral reflectance. On the basis of these findings, one may use downwelling spectral transmittance data, together with detailed cloud and atmospheric information, to estimate surface effective areal-mean albedo. The estimated values agree well with those derived from the ground survey data. Following the method, a data set of effective areal-mean spectral albedo throughout a year was obtained.
Introduction
[2] Solar radiative heating is the primary driving force of atmospheric and oceanic movements. Variable radiative heating/cooling in the atmospheric column drives vertical atmospheric convection and global general atmospheric and oceanic circulations are the primary responses to the uneven distribution of radiation. Modeling Earth's weather and climate and the changes incurred by any external or internal forcings thus requires a good knowledge and understanding of the disposition and distribution of solar radiation, which is unfortunately still fraught with large uncertainties [Wild et al., 1995; Li et al., 1997; Arking, 1999] . The breakdown of solar energy in the atmosphere and at the surface can be computed by radiative transfer models founded on the classical electromagnetic and quantum mechanics theories. While the fundamentals of radiative transfer theories are well-established, radiative transfer models used to describe radiative processes in the real world are complex and difficult due partly to a lack or incomplete knowledge of a large number of radiatively sensitive variables of multiple numbers of freedom and dimensions that act on a wide range of scales [Wielicki et al., 1995; Rossow et al., 2002] , and uncertainties in the spectroscopic data bases [Giver et al., 2000] . The problem is further complicated by, among other things, the ubiquitous three-dimensional (3-D) cloud morphology, uncertain cloud microphysics, and the inhomogeneous surface boundary.
[3] The complex nature of the problem often makes the seemingly straightforward task of testing the closure of radiative quantities cumbersome and challenging [Trishchenko et al., 2001] . Even for ideal cases of overcast cloudy conditions, controversial findings have emerged from time to time. Stephens and Tsay [1990] reviewed various studies on discrepancies found between observed and modeled atmospheric/cloud solar absorption. In general, there appeared to be more discrepancies in the near-infrared (NIR) region than at other wavelengths. Given the inadequacy of some previous observational techniques, they called for a greater effort at improving the accuracy of observations. Unfortunately, substantial differences still exist among more recent measurements made simultaneously with different instruments in a field campaign named the Atmospheric Radiation Measurement (ARM) Enhanced Shortwave Experiment (ARESE) [Li et al., 1999; O'Hirok et al., 2000] . In addition, a major source of uncertainties lies in the synergy between measurements made below and above a cloud layer [Marshak et al., 1999] , and the effects of cloud inhomogeneity on the determination of net fluxes [Barker and Li, 1997] . To tackle these problems, the U.S. Department of Energy sponsored a second ARESE field experiment conducted in the South Great Plain (SGP) in Oklahoma in the spring of 2000. Preliminary analyses of the data revealed no evidence of substantial discrepancies between modeling and observations of bulk solar radiative quantities but still some differences were found in the NIR region [Ellingson, 2001] . No sound explanation has been found to account for this spectral discrepancy.
[4] It is a rather complex problem to model solar radiative transfer in a cloudy atmosphere. Numerous input data are needed to define a closed problem: atmospheric profiles of humidity and liquid water, temperature and pressure, cloud boundaries and cloud microphysics, concentration and optical properties of aerosol, let alone the complex 3-D cloud morphology. As a result, attributing a discrepancy in the output to any of the input variables requires a painstaking investigation into each of the contributing factors. So far, much attention has been focused on atmospheric and cloud variables. The influence of the surface boundary condition on radiative transfer has not been carefully investigated, especially in dealing with atmospheric and cloud absorption issues. The significance of surface albedo on radiation modeling for bright snow/ice-covered surfaces has been recognized for a long time [Pyatnenkov, 1959; Gardiner, 1987] , whereas much less attention has been given to vegetated surfaces. While vegetated surfaces look dark in the visible band with an albedo typically $5%, it is very bright in the NIR part of spectrum where the magnitude of the albedo can reach as high as 60-70% or more. Such a strong contrast was employed to infer cloud optical depth [Marshak et al., 2000] by virtue of multiple reflections between the surface and the cloud. Except for large uniform areas of forest and savanna, land surface is usually quite inhomogeneous. This is especially the case over ARM's SGP locale where a variety of land cover types of small scale (mostly different types of crops) exist. Multiple reflections between the surface and the cloud layer lead to radiative mixing of local reflectances at a distance comparable to cloud height thus providing a strong coupling between downward radiation and surface albedo. Point-wise measurements of surface albedo may only represent very small areas; on the other hand, ground-based observations of downwelling irradiance under cloudy conditions are modulated by photon exchange between the surface and clouds over a much larger area.
[5] In light of the interaction between radiation and the surface boundary, special care needs to be exercised in the interpretation of comparisons between modeled and observed spectral fluxes. This study demonstrates the impact of surface inhomogeneity on the solar radiative transfer under cloudy skies. It is shown that using unrepresentative surface albedo at the ARM SGP Central Facility (CF) site can lead to a significant discrepancy in the NIR spectral region, which underscores the importance of a correct specification of surface albedo values in modeling radiative transfer. To isolate the effect of the surface, only overcast uniform low-level single-layer clouds cases are considered. The next section describes the data and the model used in the study. Section 3 presents comparisons of downwelling spectral irradiance from the model and from observations. Section 4 discusses the inference of surface albedo from downwelling spectral transmittance. A summary of the study is presented in section 5.
Data and Methodology
[6] A combination of data sets collected at the CF in north-central Oklahoma from August 1997 to October 2000 was analyzed extensively for identifying single-layered, low-level, non-precipitating clouds. Such clouds are more suitable for radiative transfer modeling using the plane-parallel radiative transfer approach. Microphysical properties of water clouds may be modeled using Mie theory. The main data stream for selecting cloud cases include broadband measurements of downward surface fluxes, cloud radar snapshots, Surface Meteorological Observing System (SMOS) measurements, and satellite images from the Visible and Infrared Scanner (VIRS) aboard the NASA Tropical Rainfall Measuring Mission (TRMM) platform. The first criterion for a measurement to be flagged as cloudy data is that the direct component of the surface solar broadband irradiance be less than 5 Wm
À2
. Note that the surface broadband solar irradiance data used here were not the raw data available from the ARM archive, but data reprocessed at the Pacific Northwest National Laboratory following a complex procedure to assure the best quality [C. Long et al., private communication, 2001 ]. The raw fluxes acquired by the Solar Infrared Radiation Station (SIRS) and pre-1998 Broadband Shortwave Radiation Network (BSRN) systems were corrected for thermal offset errors [Dutton et al., 2001] , followed by an inter-comparison of simultaneous measure-ments by different observation systems to screen out any anomalous data. In addition, satellite observed radiance fields, when available, were used to identify the morphology and phase (water/ice) of the cloud field in the vicinity of the CF. Hourly weather observations collected by on-site personnel provided additional useful information, such as the state of the ground conditions at the site. The final screening of cloud cases depended on the availability of high-resolution solar spectral irradiance data from the Rotating Shadowband Spectroradiometer (RSS). The RSS was developed at the Atmospheric Sciences Research Center of the State University of New York in Albany and has been operating at the ARM site since August 1997 [Harrison et al., 1999] . It provides total-horizontal, diffusehorizontal, and direct-normal spectral irradiance measurements in 1024 channels from 360 to 1050 nm at a variable resolution ranging from about 0.15 nm to 2 nm. Note that such high-resolution data were available after August 29, 1998; before then, the data had only 470 channels. The RSS data were calibrated with a precision of 1% by Langley analysis and linked to an absolute calibration standard using a portable Li-COR lamp. After analysis of the ARM data at the CF from August 1997 until October 2000, cloud cases observed on nineteen days encompassing all seasons fulfilled the rigid requirements and were subsequently studied.
[7] The latest version of the Moderate-Resolution Transmittance 4 (MODTRAN-4) radiative transfer code [Anderson et al., 1999] was employed which incorporates a discrete ordinates (DISORT) radiative transfer model dealing with multiple scattering processes. Radiosonde soundings provided atmospheric profiles of pressure, temperature, and water vapor. Total column amounts of water vapor and liquid water were available from microwave radiometer (MWR) retrievals. Water vapor mixing ratio profiles were calculated from the humidity, pressure and temperature profiles and scaled to MWR retrievals. Satellite data from the Total Ozone Mapping Spectrometer provided ozone column amount. The MODTRAN-4 code has a built-in rural aerosol model and aerosol loading is specified by visibility either at 5 km or 23 km. Over the SGP, it is believed that a rural type of aerosol with a visibility of 20 km can reasonably represent average aerosol conditions. In any case, there were no column aerosol data under overcast conditions; the effect of aerosol under thick cloud cover is relatively minor. Initial values of surface albedo were obtained from the MultiFilter Rotating Shadowband Radiometer (MFRSR) system that measured upward and downward spectral irradiances at several discrete wavelengths (415, 500, 608, 664, 860 , and 938 nm) 10 m above the ground at the CF site. MFRSR surface albedo data have been used in several ARM investigations, such as in a closure test of the clear-sky radiative transfer [Mlawer et al., 2000] . Cloud top boundaries were determined using radar reflectivity observed by the millimeter-wave cloud radar deployed at the CF. A threshold method was used whereby the background noise level was subtracted from the calibrated power signal. The location of a cloud layer was determined at heights where the subtracted signal changed sign. Ceilometer observations were also used to validate the cloud base height. For those times of the year when insect contamination is greatest, determination of cloud top height from radar becomes difficult. In these cases, cloud top height was estimated from radiosonde soundings at the altitude where the relative humidity exceeds 94%, according to Dong et al. [2000] .
[8] Once cloud boundaries were found, vertical profiles of liquid water content were derived. Frisch et al. [1995] proposed a relatively simple method for deriving the vertical liquid water content for stratus clouds, based on the knowledge of cloud boundaries, reflectivity Z (m 3 ) from cloud radar, and integrated liquid water path (LWP) retrieved from the MWR. It is given by
where N (m
À3
) is the number density of cloud droplets that is assumed to be constant with height, q l is the profile of liquid water at level l and r is the density of water in g/m 3 . Integrating this expression over the vertical range of a cloud yields the liquid water path. Since the liquid water path is known, N can be computed as
Substituting this into equation (1) gives
Liquid water content profiles for low-level water clouds can be determined from this expression.
[9] Cloud microphysical properties for a particular cloud case were obtained by first determining a proper extinction coefficient, b, through an iterative process. Starting with an initial guess for b, modeled and RSS-observed surface fluxes at 500 nm were compared and depending on the sign of the relative difference, b was modified accordingly. This iterative process (i.e., change b, calculate flux, compare to RSS flux, and effect appropriate change to b) continued until agreement was achieved between the simulated and RSS-observed downward surface fluxes. Effective radius, R eff , was then calculated using this final b and the liquid water path, LWP, following the relation
where t is cloud optical depth, i.e., b multiplied by the cloud layer thickness. For the cases considered here, effective radii generally varied from about 5 to 11 mm, consistent with typical values for stratiform clouds estimated for the same region by Dong et al. [2000] . The cases selected are summarized in Table 1 , which encompass all seasons with more cases in the fall and winter than in the summer and spring.
Comparison Between Observed and Modeled Spectral Irradiance
[10] With atmospheric and cloud parameters that were either directly observed or inferred from other measurements, downwelling spectral solar irradiances were com-puted and compared to RSS data. Figure 1 presents some sample results of the comparisons on one day for each season: 3 March 2000 for spring, 4 June 1998 for summer, 19 October 1997 for fall, and 22 December 1997 for winter. Due to tuning of the cloud properties at 500 nm, it is not surprising to see good agreement over the visible region. In the NIR region (>0.7 mm), varying degrees of disagreement were noticed. There exists a good agreement in the fall where modeled spectral transmittance matches very well with observations in terms of both magnitude and spectral variation. However, differences in other cases are so significant that they cast a reasonable doubt on the modeling of radiative transfer during these seasons.
[11] Noting the strong seasonal trend and the abrupt jump of the discrepancy near the chlorophyll absorption band at 700 nm, we postulate that it is an artifact resulting from inadequate representation of the surface spectral albedo in the radiative transfer model. This hypothesis is sound, given that the MFRSR instrument measuring surface albedo is mounted 10 m above a small area of tall wild grass that is surrounded by vast areas of agricultural fields and pastures. Figure 2 presents four clear-sky Landsat Thematic Mapper (TM) scenes covering the four seasons that shows the spatial and seasonal patterns and supports the comparison results. In winter through early spring, the tall grass becomes brown with a relatively low albedo in the NIR, whereas the surrounding area is dominated by dark green vegetation (wheat fields and pastures) that has much higher NIR albedo. Radiative interaction between the cloud layer and the surface results in an effective surface albedo that echoes a much larger area than that exposed to the MFRSR. In this case, the MFRSR-observed value tends to underestimate the areal-mean albedo. The underestimated surface albedo gives rise to underestimated downwelling irradiance derived from model. In the summer, especially around June, changes in land cover over the region are more dramatic and complex because of the ripening and harvesting of wheat. Several fields of wheat in the vicinity of the CF exert significant impact on radiative processes in the area.
Depending on their presence/disappearance they would contribute to major changes in surface albedo. The comparison suggests that by June 4, 1998, the immediate area surrounding the CF is still less green relative to a larger area sensitive to the downwelling radiation measurements, due presumably to the harvesting of wheat. In the fall, agricultural land is strewn with straw whose albedo is similar to dead grass so the entire region shows the least spatial contrast in surface reflectance.
[12] To test the hypothesis quantitatively, field measurements of spectral surface albedo over an area of about 50 Â 50 km 2 surrounding the CF were taken during March 11 -12, 2000. This period not only coincided with the ARESE II Intensive Observation Period (IOP), but also represents the best time of the year when surface inhomogeneity exhibits its most distinct spectral features. Broadly speaking, typical land cover types include alfalfa, bare soil, bare soil with dry corn stalks or wheat stubble, grazed and ungrazed pasture, green wheat, ploughed field, and bush. Figure 3 shows photos of some of the common land cover types observed in the region and taken during our field campaign. Note that the photo of short dry grass was shot beneath the MFRSR tower at the CF, which is a distinct surface land type relative to the surrounding wheat field. A portable spectrometer, manufactured by Ocean Optics Inc (model S2000/PC2000), and mounted on a tripod is also shown. Before each measurement was taken, the device was carefully aligned to assure its position and orientation. It provides cosinecorrected spectral irradiance from 188 nm to 867 nm at a resolution of 0.33 nm (2048 channels) by a fiber optic probe that collects photons at 180°(the entire upper hemisphere), thus eliminating optical interface problems associated with AAC the light collection sampling geometry inherent to other sampling devices. Measurements below 320 nm are too noisy to be of any use.
[13] Downward and upward measurements were taken nearly simultaneously (a couple of minutes apart) under clear sky conditions in order to compute their ratio. The estimated surface spectral albedo (ratio of instrument readings obtained in downfacing and upfacing positions) is thus invulnerable to calibration uncertainty. Since no reliable wavelength dependent calibration information for the spectrometer grating array was available, the absolute values were not employed in the study. A comparison against siteby-site measurements made by the calibrated MFRSR data attests to the quality of our measurements of spectral albedo, as shown in Figure 4 . MFRSR data are averaged over ±30 minutes around the spectrometer measurements. The averaged MFRSR values and their standard deviation are shown in Figure 4 . Using the device, we acquired many samples of surface albedo spectra collected over an area of 50 Â 50 km 2 around the CF. Some dominant surface types such as winter wheat and pasture were sampled at varying local times to account for the dependence on the solar zenith angle. The latitude and longitude of each observation site were recorded by a hand-held civilian Global Position System (GPS). The geo-location is needed for mapping surface spectral albedo and computation of the solar zenith angle.
[14] Figure 5 is a synthetic plot of spectral surface albedos for numerous typical land cover types found in the region. Note that some of the curves represent single sets of observations, while others are averages of multiple data sets collected over the same or similar targets. It is seen that different land cover types found near the CF have very distinct albedo spectra. The largest differences occur in the NIR region where albedo for dark green vegetation like wheat reaches more than 50%, while bare ground has an albedo less than 20%. Differences in visible albedo are also discernable, particularly in relative values, with the highest and lowest visible albedos differing by a factor of 4. The diverse land cover types and distinct spectral albedos pose major challenges in simulating the radiative interaction between the atmosphere/cloud and the surface, requiring detailed mapping of surface spectral albedo over the region.
[15] Preliminary mapping of surface spectral albedo during one spring (2000) was achieved by linking the field measurements of surface spectral albedos with a land cover classification map derived from Landsat TM scenes by the U.S. Department of Agriculture's Agricultural Research Service (USDA-ARS) Hydrology and Remote Sensing Lab which conducted a field campaign known as the SGP Hydrology 1999 Campaign (available at http://hydrolab. arsusda.gov/sgp99/). The campaign made a special effort to classify land cover types over the SGP area. The classification was carried out by applying a supervised scheme to a series of cloud-free Landsat TM scenes from Landsat-5 (March 9, May 12, and July 15) and Landsat-7 (July 7 and July 23) in 1999. The nominal resolution of the data is 30 m. The classification scheme was developed with the aid of ground survey data collected from July 7 -July 22, 1999. The ground survey data initially identified 44 different land cover categories that were then regrouped into 15 types. The distribution of the classified land cover is shown in Figure 6 . Note that the area is predominately covered by wheat fields (designated as wheat stubble after being harvested), followed by pastures. While a lack of comprehensive groundtruth information prevents us from conducting a rigorous evaluation of the classification results, a cursory comparison with what we saw during our campaign in March 2000 lends certain confidence on the classification. Some local differences do exist due to multiyear shifts in agricultural practice that generally take place every 4 or 5 years (personal communication with local farmers). To remedy the problem, adjustments were made according to the greenness deduced from the TM scenes acquired in 2000. The adjustment is especially needed for distinguishing between wheat, bare soil with wheat stubble, and ploughed field. After refining the classification, each land cover type was assigned a particular observed albedo spectrum. Effective areal-mean spectral surface albedo was then obtained by integrating the spatial spectral albedo map over an area dictated by the cloud base height. The following formula was employed to compute the areal-mean albedo: 
where a i, j is the albedo for pixel (i, j) derived from the field measurements and the land cover classification; Ás i, j is the area of a Landsat pixel, (30 m Â 30 m) = 900 m 2 ; L i, j 2 is the squared distance from an elevated virtual sensor to the pixel (i, j) = h 2 + x i 2 + y j 2 ; h is the altitude of the sensor and (x i , y j ), the co-ordinates of the pixel relative to the CF; Ás i, j /L i, j 2 is equivalent to the derivative of the stereo angle; cos q i, j is the viewing zenith angle for the pixel (i, j); Ás i, j cos q i, j /L i, j 2 is an element of the stereo angle () corresponding to a pixel area as seen by the sensor. The integration acts as if a spectrometer were located right beneath the cloud base. The resulting albedo spectrum data can thus be regarded as the observed albedo spectrum.
[16] Figure 7 presents a comparison of areal-mean albedo and point-based albedo measurements near the CF on March 3, 2000. Note that the areal-mean albedo varies with the cloud base height. In the NIR, it increases with cloud base height and the converse is true for the visible albedo. As the cloud height increases, the effective areal-mean albedo represents an enlarging area in which an increasing proportion of green vegetation (primarily winter wheat) is present. As the cloud base descends to the ground, the arealmean albedo approaches the MFRSR point-based measurement, which is a clear trend visible in Figure 5 . On March 3, 2000, the cloud base was in the neighborhood of 500 m. The discrepancies between the areal-mean albedo corresponding to 500 m and the point-based MFRSR measurements are substantial in the NIR. Significant differences also occur at longer wavelengths within the visible region. To investigate how much the discrepancy in surface albedo contributes to the discrepancy in downwelling spectral transmittance exhibited in Figure 1 , radiative transfer simulations were re-run with the areal-mean albedo spectrum for 500 m. The new comparison (Figure 8 ) showed significantly improved agreement. It eliminates major discrepancies beyond 700 nm, and reduced those between 600 nm and 700 nm by half. Some improvement is also observed in the remaining spectra. This better agreement suggests a cautious treatment of surface albedo in any closure test of a radiative transfer model.
[17] The absence of a significant unexplained difference between observed and modeled RSS spectra is further reinforced by two more comparisons. One is the comparison of the broadband downward solar fluxes derived from the corrected BSRN and SIRS data and the broadband downward solar fluxes modeled with areal-mean surface albedo data together with other cloud and atmospheric input data as described in section 2. The top two plots of Figure 9 show the comparison for the nineteen days (more than nineteen points appear in the plot because multiple measurements were analyzed during some days). The top left plot shows transmittance at the surface and the top right plot, the corresponding downwelling surface fluxes in W m À2 (note that the correspondence of points is not one-to-one, owing to variable solar zenith angles). Again, a very good agreement is found, which is not totally expected from the Figure 8 since the latter only covers a portion of the solar spectrum. Another comparison was made with reference to the TOA reflected radiances measured in the first two channels of the VIRS instrument, as shown in the bottom two plots of Figure 9 (left panel is for 0.63 mm and the right panel, for 1.6 mm). The comparison is not as conclusive as in the top panels, due to the very small number of samples. Nevertheless, it shows coherent results with Figure 8 , namely, a better agreement in the NIR than at a longer wavelength of the visible spectrum.
A Method for Obtaining Effective Surface Areal-Mean Albedo
[18] If detailed and complete atmospheric and cloud data are available, spectral surface albedos may be inferred from downwelling RSS measurements by tuning the surface albedo such that observed and modeled spectral fluxes match. To help understand the tuned albedo, a conceptual formulation is presented here.
[19] For a homogeneous cloud layer, which is assumed to be the case in this study, the downward solar flux F l # (r 0 ) at a location denoted by r 0 may be expressed as [see, e.g., Barker et al., 2002] 
where F 0l # (r 0 ) is the total downwelling irradiance at a point r 0 due to photons scattered by the atmosphere only, a l (r) is the local surface albedo and G l (r, r 0 ) is a radiative Green's function describing the transfer of photons reflected from surface point r into downwelling photons at point r 0 . Integration is performed over the entire surface domain, denoted by the AE. Note that F 0l # (r 0 ) and G l (r,r 0 ) depend on atmospheric and cloud conditions only; they are completely independent of the surface reflective properties. The flux term F 0l # (r 0 ) may be computed by the MODTRAN model, assuming a black surface.
[20] For homogeneous surfaces whose albedo is a constant a 0l over the entire spatial domain, equation (6) is reduced to
where S l denotes the atmospheric spherical albedo (the proportion of radiation reflected by the atmosphere back to the surface) at wavelength l given by
In the case of a homogeneous surface, S l is also constant and independent on position r 0 . The denominator of equation (7) accounts for multiple scattering between the surface and the atmosphere.
[21] For inhomogeneous surfaces, radiative processes are more complex due to the interaction between the 2-D albedo field, the atmosphere and the cloud fields. One may define an effective areal-mean albedo and downwelling atmos- Figure 9 . A comparison between modeled (using inferred areal-mean surface albedo) and observed (BSRN/SIRS) downwelling broadband shortwave transmittances (top left) and fluxes at the surface (top right). Bottom plots show a comparison of modeled and observed TOA radiances at 0.63 mm and 1.6 mm.
pheric irradiance as a convolution of Green's function and surface albedo,
so that
While the transformation of equation (6) into equation (10) does not constitute a mathematical solution, it reveals the effect of the atmospheric-surface interaction over an inhomogeneous field. With a knowledge of surface albedo distribution a l (r) and atmospheric and cloud conditions, the equations (8) - (10) could be solved numerically using a 2-D radiative transfer scheme. However, in this study, we employed the MODTRAN 1-D model to determine a bulk albedoâ l r 0 ð Þ, which assures that the model-computed Figure 1 to the effect of an incorrect surface albedo, provided that the other input parameters are correct. The procedure begins with calculating spectral fluxes F MFRSR,l # using MFRSRmeasured surface albedos as an initial guess; calculations are made at the wavelengths observed by the RSS. Since the MFRSR albedos are measured at six discrete wavelengths (415, 500, 608, 664, 860 , and 938 nm), they were linearly interpolated to the RSS wavelengths. To bypass the computation of atmospheric spherical albedo S l , one can combine these computations with the computation of spectral flux F 0,l # for a black surface (a l = 0). The tuned albedoâ l can be determined aŝ
The final result is a set of surface albedosâ l , which when used as input into an atmospheric model such as MOD-TRAN-4, will yield downward fluxes at the surface matching the RSS observations.
[23] While the tuned albedoâ l r 0 ð Þ is not identical to that defined in equation (8), the two are very close. Indeed, they are related to each other through the expression
Introducing the albedo difference da l ðr 0 Þ ¼â l r 0 ð Þ À a l r 0 ð Þ and the flux difference
one can derive an equation for the relative albedo difference e as a function of the flux difference. This equation is expressed as
Without a detailed specification of the boundary condition, it is not possible to obtain exact estimates, though qualitatively, it is expected that the flux difference (13) and the relative difference (14) is quite small.
[24] Using the single-scattering approximation, one can express the flux difference through the areal-mean albedo as
Inserting (15) into (14) and introducing the notation
one can derive a conservative estimate of the difference as
It was estimated that the difference does not exceed 17% of the maximal albedo variability Á l found in a region surrounding the CF. In fact, for thick overcast clouds as were selected for current investigation, radiative smoothing due to multiple scattering further diminishes the difference to much smaller values.
[25] This may explain the close match between the tuned spectral and observed albedos, which is found by comparing Figure 10 presents MFRSR-observed and RSS-inferred surface spectral albedos for 4 days representing all four seasons. It is seen that the discrepancies between MFRSR point-based measurements and RSS-inferred areal-mean albedos are rather significant in most seasons except fall, and moderately large in winter. The inferred surface albedos on March 3, 2000, are very close to observed areal-mean values retrieved from assuming a cloud bottom height of 500 m (c.f. Figure 7) . Note that the cloud bottom heights range from 430 m to 650 m on this day. Larger differences exist between 600 -700 nm and around 950 nm. Comparisons between inferred areal-mean albedos and the point-based MFRSR measured visible and NIR albedos for all cases as depicted in Table 1 are shown in Figure 11 . Overall, visible albedos agree reasonably well and NIR albedos have such large seasonal differences that they may not be suitable or need correction if used in radiative transfer modeling or regional climate modeling.
[26] On the other hand, the above equations also underline the influence of uncertainties in atmospheric and cloud variables. Admittedly, the estimation of areal-mean albedo is not completely or always valid, since other input parameters also contain uncertainties. The reliability or degree of success of the estimation depends largely on how accurate other input variables are known, relative to the degree of surface inhomogeneity. As long as the impact of the other uncertainties on surface transmittance is less than that exerted by surface albedo, the attempt to estimate arealmean albedo is worthwhile to make. Ideal cases for this exercise are overcast uniform single-layer non-precipitating water clouds with known microphysical properties as observed or inferred from the state-of-the-art ARM instruments. In such cases, the cloud essentially acts as a ''mirror'' which echoes the spectral signature of ground reflection over a large area. While the requirements for determining appropriate cloudy cases are stringent, it is not too formidable to develop a database that can delineate a reasonable intraannual variation of areal-mean albedo. In general, changes in surface conditions are so gradual, except during a harvest period, that a limited number of cases spanning across a year may adequately depict the annual cycle of surface albedo changes.
Summary
[27] Radiative transfer modeling is essential to climate modeling and remote sensing. Inconsistencies between observations and modeling results has been reported. Ample measurements collected from the United States Department of Energy's Atmospheric Radiation Measurement (ARM) program, together with space-borne observations, provide an unprecedented opportunity to scrutinize any potential problems. In this study, we made extensive use of ARM data at the Central Facility to examine spectrally resolved solar radiative fluxes under overcast cloudy conditions. The study underscores the importance of taking into account surface inhomogeneity in a closure test of a radiative transfer model.
[28] Ground-based measurements used include radiosonde profiles of pressure, temperature and humidity, microwave radiometer retrievals of precipitable water vapor and liquid water total column amounts, cloud layer boundaries from laser ceilometer and cloud radar, spectral surface albedo from the MultiFilter Rotating Shadowband Radiometer (MFRSR), spectral fluxes from the Rotating Shadowband Spectroradiometer (RSS), best estimates of shortwave broadband fluxes from the Baseline Shortwave Radiation Network (BSRN) and Solar Infrared Radiation Station (SIRS) radiometers (corrected for thermal offset errors), and cloud parameters from the cloud radar and the microwave radiometer. Satellite data employed are Visible/Infrared Scanner (VIRS) data from the Tropical Rainfall Measuring Mission (TRMM) platform and thematic mapper (TM) data from Landsat 5 and 7.
[29] The measurements of atmospheric, cloud and surface variables for all relatively uniform cloud cases identified from August 1997 through to the late fall of 2000 were input into the MODTRAN-4 code. The model generated surface spectral and broadband fluxes and TOA fluxes. They were compared to both surface and satellite measurements. The model is capable of reproducing very well the general location and strength of the gaseous absorption lines, relative to observed spectra obtained by the RSS, but a larger disagreement is found over the near-infrared (NIR) region. The disagreement was attributed primarily to inadequate measurements of surface spectral albedo that are local values and do not adequately represent the larger surrounding area. Under overcast conditions, photons arriving at the RSS have survived multiple reflections between the surface and the cloud over an area determined by the height of the cloud. The effect was assessed quantitatively by taking ground measurements of the surface albedo spectra for all major land cover types found in the study region. In combination with a detailed land cover map classified with Landsat TM scenes, high-resolution surface spectral albedo data were obtained. Applying these data, along with other cloud and atmospheric input, to the MODTRAN-4 atmospheric radiation code yields modelsimulated spectrally resolved and integrated fluxes in close agreement with observations at the surface and the top-ofthe-atmosphere.
[30] The strong sensitivity of downward fluxes to the magnitude of the surface albedo under overcast conditions allows for the estimation of areal-mean surface spectral albedos from downwelling spectrometer measurements, provided that cloud and atmospheric parameters are known. Areal-mean surface albedo is otherwise a formidable task to measure using conventional means of observation. Taking advantage of this sensitivity and using all available ground and satellite observations, we first carefully selected ideal overcast cloud cases that were single-layered, low-level, non-precipitating, uniform water clouds. Input parameters obtained from measurements made at the Central Facility were applied to MODTRAN-4. Areal-mean surface spectral albedos were determined by tuning them to achieve good agreement between the resulting modeled surface spectral irradiance and observed surface spectral irradiance measured by the RSS. The retrieved albedos showed good agreement with independent estimations based on a 2-D albedo map derived from satellite and field measurements. Following this method, a sound seasonal areal-mean albedo dataset was developed for model and remote sensing studies. 
